with on/off ratios of 10 7 .
The structural and morphology analysis shows that the epitaxial, twodimensional growth of C 60 on CVD h-BN is mainly responsible for the superior charge transport behavior. We believe that CVD h-BN can serve as a growth template for various organic semiconductors, enabling large-area, high-performance flexible electronics.
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Organic field-effect transistors (OFETs) have been investigated for their high potential in lowcost, large-area flexible electronics. Efficient charge carrier transport in OFETs is critical for extending the scope of their applications. 1, 2 The grain boundaries in polycrystalline organic semiconductor films and trap sites at the organic semiconductor/dielectric interface have detrimental effects on charge transport. [3] [4] [5] Therefore, it is of great importance to reduce the density of grain boundaries by engineering the organic film growth/deposition process and to lower interfacial trap density by optimizing dielectric materials for OFETs.
There have been significant efforts to increase the grain size in organic films. [6] [7] [8] For solutionprocessible organic materials, a variety of processes have been introduced to achieve highly ordered organic films. Notably, using the solution shearing method, we have previously achieved the growth of millimeter-wide and centimeter-long single-crystalline domains of TIPS-pentacene that exhibits high charge carrier mobility. 7 For vapor deposited organic materials, increasing substrate temperature during deposition is one of the simpler ways for increasing grain sizes. 6, 8 However, fabrication processes at high temperatures above 150°C limit the use of some plastic materials required for flexible applications. Since flexible electronics are one of the important target applications for organic semiconductors, a method that can enlarge grain sizes at low temperatures -below 150°C -is highly desirable.
Atomically thin 2D materials such as graphene and hexagonal boron nitride (h-BN) have been recently investigated as growth templates for organic films. [9] [10] [11] [12] [13] [14] These 2D materials are atomically flat without dangling bonds, which can minimize the charge traps at the organic-2D material interface. Moreover, their van der Waals interactions with organic molecules can enable the epitaxial growth of organic films, increasing grain sizes. [11] [12] [13] Indeed, the epitaxial growth of C 60 , an n-type organic semiconductor, on graphene has been observed. 13 The low trap density at 4 graphene/C 60 interface has been also demonstrated by effective modulation of the Schottky barrier between graphene and C 60 . 13, 15 Furthermore, researchers have shown that h-BN can serve as an ideal dielectric layer for graphene devices, with its atomically flat surface, low trap density, and reduction of electron-phonon scattering. [16] [17] [18] [19] The epitaxial growth of other organic molecules such as rubrene and dioctylbenzothienobenzothiophene (C 8 -BTBT) on mechanically exfoliated h-BN flakes has been demonstrated as well; [9] [10] [11] 
Results and discussion
The large-area growth of h-BN on various metal substrates has been recently demonstrated by CVD. 20, 21 We synthesized single-layer CVD h-BN on Pt foil and transferred it onto a SiO 2 /Si substrate (See Methods for detailed synthesis and transfer process). 22 The synthesized h-BN generally shows the clean surface morphology with a roughness of 0.17 nm (Supporting Figure   S1 ) even though it shows some scattered residue resulting from the transfer process. The observed flatness of h-BN and its lack of dangling atomic can enable the growth of large C 60 grains on h-BN. After the preparation of h-BN template, 20-nm-thick C 60 was evaporated at the rate of 0.2 Å/s to form a C 60 film on h-BN under a vacuum pressure of 2×10 -6 Torr.
The thin film structure of C 60 assembly on h-BN is investigated using transmission electron microscopy (TEM) imaging and selected area electron diffraction (SAED). There have been recent studies on organic molecular assembly on metal-substrate-supported h-BN by scanning tunneling microscopy. [23] [24] [25] Even though these studies reveal that h-BN can be utilized to obtain well-organized molecular assembly by substrate-molecule interactions, [23] [24] [25] there is no reported study on C 60 assembly on h-BN by any molecular imaging tool. We note that the imaging of the packing structures of C 60 inside boron nitride nanotubes has been performed by TEM. 26 In our study, a C 60 film assembled on suspended h-BN is investigated by adapting characterization methods similar to our previous study on C 60 /graphene. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  597 To further understand the observed interfacial alignment, we perform first-principles density functional theory calculations including van der Waals (vdW) dispersion forces (see Methods for details). We initially considered a number of C 60 molecular configurations towards h-BN surface and calculated their electronic and energetic structures. A computational screening taking into account the relative orientation of atoms at C 60 molecule at apex, pentagon, hexagon, and dimer positions resulted in 12 different interface geometries with h-BN (Supporting Figure S4) . The adsorption energies were computed at two different levels with and without vdW interactions We use the same orientation as Figure 1b above, that is, Θ = 0 and Θ = 30° correspond to zigzag and armchair directions. Our vdW simulations clearly show that configurations near zigzag direction (~0-2 degrees), 9-12 degrees, and 21~25 degrees have higher stability than nearby (Figure 1f and Supporting Figure S3) generally capture the calculated epitaxy energy landscape, in which a large population of samples with an orientation closes to ~10° are measured. We note that the expected epitaxy near 0 degree is not clearly observed in the experimental data.
The morphology of C 60 films evaporated on CVD h-BN/SiO 2 is also investigated using atomic force microscopy (AFM) as shown in Figure 2 . The topography and phase AFM images in film. 27 On the other hand, isotropic diffraction rings in Figure 3b indicate that C 60 fcc grains are randomly oriented on SiO 2 .
The coherence length of C 60 crystal is calculated using the Scherrer formula 28 on SiO 2 , which shows the average value of 0.04 cm 2 V -1 s -1 . Since the mobility in organic fieldeffect transistors is very sensitive to the surface roughness and traps on a dielectric layer, the high mobility suggests that CVD h-BN is an excellent dielectric and growth template for C 60 .
We emphasize that this is the first demonstration of organic semiconductor growth and device fabrication on large-area CVD h-BN. Previously, various surface treatments of dielectric substrate, such as functionalization by self-assembled molecular layer, have been utilized to film, the observed maximum mobility value of 2.9 cm 2 V -1 s -1 using CVD h-BN is comparable to the highest reported mobility values. Currently, the CVD synthesis process for h-BN is not as optimized as that for graphene, and thus the grown h-BN layer has smaller grain sizes (the average grain size of ~ 1 micrometer) and a noticeable density of residues, resulting in the hysteresis in the transistor operation (Supporting Figure S6) . The device performance is expected to improve further as the h-BN synthesis and transfer processes are optimized.
Conclusion
In conclusion, we demonstrate that CVD h-BN is an excellent dielectric layer for C 60 deposition and FET applications. The epitaxial relationship between C 60 and h-BN is studied in detail using TEM characterization and first-principles calculations. The large sizes and crystal orientation of 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 11 Methods h-BN Synthesis and Transfer. h-BN was synthesized using chemical vapor deposition. 22 Ammonia borane was heated at 130°C to be decomposed into borazine, hydrogen, and polyiminoborane. The borazine and hydrogen gas was flowed onto Pt foil in a furnace at 1100°C. acquisition were performed with a FEI Titan Cube G2 60-300 operated at 80 kV with an image aberration corrector. Extra SAED acquisition was performed using a JEOL 2100F, which is operated at 200 kV.
GIXD Characterization. GIXD images were collected in reflection mode with a 2-D area detector (MAR-345; pixel size of 150 µm, 2,300 × 2,300 pixels) and the sample in a helium atmosphere at beamline 11-3 of the Stanford Synchrotron Radiation Lightsource. The sample to detector distance was 400 mm, which was calibrated using a LaB 6 polycrystalline standard. The incidence angle was 0.12°. The X-ray wavelength was 0.9758 Å, corresponding to a beam energy of 12.7 keV. Before performing quantitative analysis on the images, the data was corrected for the theta-dependent image distortion caused by the planar detector surface.
Numerical integration of the diffraction peak areas was performed with the software WxDiff.
The overall resolution in the GIXD experiments was about 0.01 Å ⁻ 1 .
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